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ABSTRACT

This article represents & compilation of current research endeavors and
speculations .in the chemical/biological processes emploved in .the
conversion ©f biomass hemicelluloses (zvlans) co sugar and subseguent
fermentation. Current literarture is reported an the generatiom of xylose
hvdrolyzates, pentose metabolism, alcohol production, and use of xvioae
he isomerasss. Summations on somversicn procesges Lo support & xylose
fermentation ar NRRC are discussed.
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LITERATORE REVIEW

INTRODUCTION .

Residues are the excesses and wastes from growing and processing raw
agricultural products. The present and potentisl supply of agricultural
broroducts from domestic crops is not kmowm in the Undited States with
certainty; however, the annual total certainlv exceeds 800 million tons
(dry basis). The feasibility of utilizing these residues for producing
energy or chemicals depends on theilr characteristics: ecomposition,
availability, supply, current usage, value of the residue for other
uses, and the economics of collection and storage.

An accurate, comprehensive amalysis of the characteristics of most
agricultutral residues is not available; however, recent publicacions
describe the properties of a number of important agriculrtural and related
industyial wastas (1, 2). Comprehensive reviews of research done in the
sixties and seventies on ucilizazion of animal products and on animal
vaste management have been reported by Mann (3) and Loehr (4). Other s
reviews {3, 6, 7) are mainly concerned with either chemical or
microbiclogical conversion to useful byproducts: feed supplements,
methane, biopolymers, and chemical feedstocks.

Cellulose, our most abundant renewable resource is available as a

renewabkle plant material from sources such as wood pulp, newsgrint.
urban waste, agri-residues, and manure. An estimacted 22 X 107 tons of
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cellulose is generated by photeosynzhesis annually worldwide (8), Ounly
about 4 X 10° cons/yr (20%) is raadil? available for conversion to
enargy or feedscuffs.

Dty callulpsic mazerials (in average) have a heat value of about one-third
that of hydrocarbon of equal weighc. Therefore, callulosic macerialsg

can be lookad at seriously in terms of renewable, induscrial resource.

One alterngcive to the conversion of cellulose is the production of
alcohol. Alcohol can be burnmed in internal combusction engines and can

be used in sclvenes, in beveraiges, and in hydrocarbon svnthesis (via
ethylane). The basic stapa in procsssing cellulose to aleohol ineclude
conversion of celluloss to glucosa, followed by microbial fearmencation

te alcohol and recovaery of aleohol by discillation.

Saveral chemical and biological processas have been used o nodify the
abundant lignocsllulosic byproducts of agricultural and woodwprocessing
industries ro increass their digescibilicy for animsis (%, 10).

Callulose/Hewmicsllulose Bvdrolysis

Most plant fibers coutain callulose, hemicellulose, and lignin in
approximare racios of 4:3:3 (11). Callulose i3 a howmogenecus polymer of
glucose, wvhereas hemicellulose molecules ars oftan polymers of pentosges
(xyloss and arabinose), hexosas (manonoss), and a numbar of sugar acids.
Lignin, a pelyphenclic macromolacule (12) is relatively high in C and &
and lowar in O contang chan are cellulose and hewicellulosa, and it has
che highest heacz valus of the thrse (13). Hydrolysis of hemicellulosas
co mono- and oligosaccharides can he accomplished wich either acids or
enzymas under moderats conditions (14, 15). Unlike hemicellulose,
callulose i3 resistanc 2o hydrolysis.  Callulosa fibers genarally consist
of a highly orderad crystalline scrucfure of gellulose surrsunded by a
lignin seal, which becomes a physical barriar to easv hydrolysis. The
aasily hydrolysable portion of cellulose (amorphous region) is aboun 153
and the remainder, the resistant residue, is crystalline cellulose.
Cryscailine cellulose nwy ba hydrolyzed by scrong acid, but this also
causas degradation of the glucome monomer.

Hemicellulose {3 one of che mmjor components of renewvable resogurces,
comprising upwards of 35% of the plant macarial (16). Hydrolysis of
hemicallulose yields a mixture of sugars, primarily D=xylosa as che

major component. For complete ucilizacion of hicmass-—derived sugars in
the production of fermencacion alcohol, the conversion of beth the
calluloaic and hemicelluloasic components is warranced. Unedil recencly,
U0 yeasts wers reportad tp ferment pentoses, although soms were capable
of asrobic mecabolism {17). Hemicallulose~darived pentosss can be
obtained easily in good yleld from residuses using a ralatively simplie
process (153), Zylan can be degraded by veasc of the genara Aurecbasidium,
Cryptocoesus, and Irichoscoron and Candida urilis and Candida albicans
utilize D~xylose (18).

Closcridium thermnsaccharolvticum farments xylose to a mixture aof ethanal,
laceie acid, and acetic acids (19), Fusarium oxveworam and other Fusazium
species degrade xylose and have been used in combinacion with the veast
Saccharomyces cersvisiae (20, 21).

FERMENTATION OF PENTOSES

Hemicellulose-derived pencoses can be produced from a variety of available
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residues in reasonable yields by means of dilute acié hydrolysis at

moderate temperatures. Using relatively simple chemical processes,

pencoses may be the Jeast expensive carhohydrates available for fermentation
to aleohol and other feedstock chemicals. An alcohol from hemicellulose
process ¢ould be incorperated inte a cellulosic induscry as ap inizial

step for utilization of pentose sugars. Initisl processing of the 3=C
sugars could be coupled to the cellulose hydrolysis for more efficient
utilizazion of biomass to fuels.

The major drawback ro the application of these concepts was the inabiliry
¢f yeasts to convert pentose Sugars to ethanol and lack of strong
physiological evidence relative to ethanol production from complex sugar
hydrolvzates. To fully utilize bicmaga-derived sugars in che production

of ethanol, farmentation of the hemicellulose~derived pentoses is important.

A1l pentose-fermenting, ethanole-producing bacteria so f£ar studied appear

to use a combination of the pentose-phosphate and Embden-Meverhoff pathways
for conversion of pentulose phusphates to pyruvic acid (22). Amongst the
fungi, only members of the genus Fusarium have been reported to produce
ethanol Zreom pentose (23},

Baczeria such as Aercmonas hvdrophilia (24), Clostridium
thesmosaccharoiveicim (19), and Klebsiella pnewmmoniae (24) yield mixtures
of fermentation products, including echanol, from D~2ylose.

Recently Chiang, Gong and coworkers (25, 26) have reported .on etharol
production from D=xzylose in the presence of D-xylose-isomerisine enzyme.
D=xvlulose, an intermedizte of D-xylose catabolism, was observed to be
fermentable to ethanol and CO; in a yield.of greater than 80X by bakers’
veast. Similar observations have also been reported by Wang et al.

{27, 2B) on isomerase catalyzed conversiom of xylose to xylulose followed
by fermentation to ethanol. Wang and coworkers (29%) have alsc recently
published on a number of veasts capable of D-xyiulose catabolism in the
presence of air and growth.

Regant findings (30-32) have demonstrated a veast system capable of
direst fermentation of ¥ylose to echanol. This organism, Pachvsolen
tarmophilus ferments glucose and xylose to aleohol in the presence of
oxvgen. Maleszka et al. (33) showed enhanced rates of ethancl production
by P. tamophilus from xylose with recycled or immobilized cells.
Fermentation vnder these conditions did not require aeration. Slininger
and coworkers (34) demenstraced continuous fermeutation of xylose by E.
tannophilus encrapped in calcium alginate beads. Cultures retained scme
50% of their inirial productivity after 26 days operation. Tields of
£.35 g ethanol/g xvlese were obtained. Recent findimgs (35) demomstrate
a Candida tropicalis capsble of xylose comversion to ethancl under aerobic
concitions,

Since a xylose iscmerase has not been identified in P. tapnophilus cells,

it would appear that another route is functional to merabolize the

xrlose. Smiley (36) has recently demonstrated the presence of a NADP-
dependent xviose reductagse and NAD-dependent xylicol dehvdrogenase in

xvlose grow P. tannoohilus cells. These two enzymes would catalvze the
Zormation of xylulose wnich could be phosphorylated to xvlulose=5-FPO.

and metabolized through the pentose cycle to ethanol. Further dociumentation
of this pachway in the phvsiology of P. ramnmophilus is warranted.
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The demonscracion of wicrobial systems for direct fermencation of glucose
and xylose to ethanol provides a new dimension in the conversion of biomass
to liguid fuels, especially echanol. Processes for the comversion

of cellulose and hemicellulose to ethanol could be incegrated inco existing
cellulose~conversion plants where the hemicellulose~darived pentoses are
underutilized., Fuzure conversion industries would incorporate both the
grain- and residue- derived sugars for opcimum production of fermancation
aleohnl. Glucese liquors from acld or anzvmae hydrulyzed cellulosics

would provide a substrate for 3 Saccharomvces fermentaticn that would be
coupled to convarsion of xylose and xylans to etharol by other veasts.

FERMENTATION OF XYLOSE- AND WHEAT STRAW HEMICELLULOSE HYDROLYZATES

Batch fermancations in our laboratary {31, 34) with Pachvsolen tamnonhilus
inirially containing 50 g/liter D~xylose yislded 0.34 g of ethanol per
gram of pentose consumed. Aarobic conditions ware raquired for call
growth but not for athanol production. Both alcohol formation and growch
were optimum when incubation Cempsracure was 32°C, when pH was near 2.5,
and when Dexyloss apd ethanol concentraticns did not exceed 50 g/liter
and 20 g/licer, raspectively.

The most recent information from our laboratory tepresents research
findings on the production of glucose and xylose from scraw and subsequent
direct farmencation of both sugars to athanol.

Agriculrural straw wvas subjected to thermal or alkalil pulping prior to
enzymatic saccharificacion. When wheat straw (WS) wvas creaced at 170°C
for 30 to 60 min ac wvacer=to=solids ratio of 7:1, the yield of cellulesic
pulp was 70 co 82% (Table 1). A sodium hydroxide extraction yielded a

60% callulosic pulp and a hemicellulosa fraction availaple for fermentation
to athanol (Table I). The cellulosic pulps were subjected to cellulage
hydrolysis ac 55*°C for production of sugars Co support a C-6 fermencacion.
Hemicellulose was recovered from che liquor flicraces by acid/alcohol
precipitacion followed by acid hydrolysis o xylosa for fermsncacion.

Pachysalen vanmovhilus strain NRRL 2660 {s capable of an ethanol fermentacion
of xylose under initial aeration conditicons for genaracion of high cell
populations (31). Decroy ac al. (32) have reportad hactch fermencacions

with 70 g/liter D=xylose resulting in 0.3 g echanwl/g of pentosa matabolized
in 6 days. Figure 1 depicts the raplication cyele of P. tanpoohiiug at

25°C on 7% zylose. Call populacions doublae every 24 hr for approximately

3 days. Ethanol c¢onceantrations of 2.0% were achieved by § days with
complaecas utilizacion of tha xylosa availabla.

Our most recsnt experiments with P. tannophilus involve farmantation of
sylose from cruda WS hydrolyzaces. The yassc produced 7.2 g (0.72%)
echanol from a hydrolyzace couraining 43 g/licer xylose (4.3%) as shown
in Figure 2. All of the xylose wvas cousumed within 4 days with only a
slighe affesct upon cell raplisacion. The sub-optimal vield for echanol
13 probably due to tha presenca of lignin byproduccs and degraded sugar
derivacivea {n the concentratad WS hydrolyzates. Further opcimizacion
of boch the processing of hydrolyzactes and the fermencacion are underway
in our laboratary.

Figura 1 depicts an overall schematic with an iairial chemical pretrescment
ta yield a xylosa/pentosan component plus the cellylosic residud for
athanol preduction., TFrom 500 g of WS, one obtains 400 g cellulosic pulp
aftar chemical pretreatment with 4% ¥aOH for & hr (37). The liquor
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TABLE I. CBARACTERISTICS OF THERMALLY PULPED WHEAT STRAW (30 MIN AT 170°C)

Callulosisc pulp compositien

Residue Cellulose
vield M.E.A. Pentosans Lignin Agh
- 4 z b4 4
82.5 46.3 (33)° 18.0 (29) 16.5 (14) 7.68 (9)
Bvdrolvzate composition
Tieid® Ni:rogenb Pentosans Ligmin Agh Xviose®
PR, X P4 B 4 4 z X7
4.2 1.3 0.57 35.3 1.1 17.4 23.2

850lids, basis original wheat scraw. Free liguor collected through
condenser, . .

brjeldanl method.

Cafrer dilure acid hydrolysis.

dvaluas in parentheses represent analvsis values for untreated WS.
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TABLE I1I. CHARACTERISTICS OF ALKALI-EXTRACTED WBEAT STRAW

(Cellulonic Pulp)

Compogition
Residus® Cellulose
yield M.E.A. Pantosans Ligndin Ash
z * R b4 4
60.3 . L 54.3 ' 20.9 8.34 5.90
(Hemicellulose ppt. from WS)
Tield " Ligain Zylose®
z — z A
18.3 13.1 ) 18.3

a'E:!:ra.n:ad overnight at room Lemperatuyre with 4% sodium

hydroxide solucien,

bA.ftlr diluce acid hydrolysis.
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contains some 40 g of fermencable D-xylose which, although sub-optimal,
supports the P. Cannophilus 5-C fermentation treatment of the cellulosic
pulp with cellulase (10 IU/g) for 6 hr yields 105 g of fermentable
sugay, which is only 60% of the available glucose in the pulp. addition
of §. uvarum cells to the saccharified material yilelds 42 g ethanol {aon
of theoretical amount) in 48 hr,

Although the final vields of sugars from Ws\residues i3 not opetimal,
farmentation of the xylose and glucose produced in the aforemencioned
procasses has been achieved with §. uvarum and P, tannophilus. With the
advent of cultures such as the Pachysolen yeast direct, total fermencactions
of residus polysaccharides to ethanol can bs optimized.
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